The most sensitive technologies for ultra-low-level analyses of long-lived radionuclides have been accelerator mass spectrometry and inductively coupled plasma mass spectrometry, reaching detection limits about 1 nBq/g. Together with underground operation of large volume HPGe detectors they have had great impact on underground physics experiments, approaching new frontiers in radioanalytics-a single atom counting.
Introduction
Standard model of particle physics has been great success in understanding basic principles of composition of matter and particle interactions, however, recent studies have shown that new physics beyond the Standard model will be required to explain some new phenomena such as neutrino oscillations and existence of non-zero neutrino mass. Investigations of rare nuclear processes and decays in nuclear physics, especially searches for neutrinoless double beta-decay may help to solve the problem, because if observed, they could (indirectly) determine the mass of electron neutrino, and even more, they could indicate a non-conservation of lepton number, and postulating that neutrino is Majorana (identical with antineutrino) but not Dirac particle [e.g. [1] [2] [3] .
Another serious problem of contemporary physics is the existence of dark matter and dark energy, which also requires a new physics beyond the Standard model. Several astrophysical observations indicate that our every-day observed baryon matter represents only 5% (roughly) of the total mass of the Universe, and the missing 25% and 70% may represent presently unknown dark matter (consisting of e.g. WIMPs-Weak Interaction Massive Particles) and dark energy, respectively [e.g. [4] [5] [6] . This is surely the biggest physics problem requiring a revolutionary approach, similarly as it was at the beginning of the twentieth century when quantum physics was born.
There are three experimental approaches how to investigate both the neutrino puzzle and dark matter. The first approach is based on astrophysical observations, while the second and the third one is based on laboratory investigations either using accelerators or underground physics experiments. There are advantages and disadvantages for each kind of investigations, we shall focus here on underground physics experiments as they are directly connected to recent developments in ultra-sensitive radioanalytical methods [e.g. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Large-scale underground experiments searching either for neutrinoless double beta-decays of several isotopes with target masses reaching one ton (e.g. for 76 Ge [20] and 136 Xe [6] , or for dark matter particles usually applying cryogenic technologies [e.g. [4] [5] [6] , have initiated new research on ultra-radiopure materials required for construction of detectors operating in deep underground laboratories at the depths > 1000 m w. e. (water equivalent) with negligible cosmic-ray influence [7, 8, 16, 17] . Recently the two-neutrino double electron capture in 124 Xe has been observed by the XENON1T collaboration with half-life of 1.8 10 22 y, representing thus the longest and slowest time event even observed [21] .
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Background sources in deep underground experiments
The main sources of background in deep underground experiments are radionuclides found as contaminants in construction parts of detectors and surrounding laboratory walls, and to a smaller extent, penetrating cosmic-ray particles and their secondaries.
Radionuclide contamination of a detector and its environment
As radioactivity is phenomenon widely presented on the Earth, all materials there have natural contamination originating from primordial radionuclides. Except primordial radionuclide solitaires such as for example 40 K, there are also three radionuclide decay chains represented by 232 Th, 238 U and 235 U. Actually, these long-lived primordial radionuclides because of low concentrations and low alpha-decay rates with negligible gamma-ray emissions do not usually represent problems in ultra-sensitive underground investigations of low-level activities. The most crucial radionuclides are their decay products, first of all radon radioisotopes and their progenies which can be found everywhere in and around underground detectors [8, 9] . Therefore, a radon free environment is required to carry out ultra-sensitive experiments, usually arranged by a tent made of plastic foil surrounding the detector with efficient flushing of the non-contaminated air [9, 10] .
The second group of radionuclides present as contaminants even in ultra-clean materials is represented by cosmogenic radionuclides produced by their exposition to cosmic rays, mainly at the sea level. Production rates of cosmogenic radionuclides deep underground are usually negligible; however, in some experiments they may be important. Therefore, material production for deep underground experiments should be carried out preferably underground. If transportation of materials is required, it should be carried out in shielded boxes. In cases when the cosmic-ray exposure is difficult to avoid (e.g. during mining of ores in shallow mines-a case of bauxite, when production of cosmogenic of 26 Al was on going in situ), the materials should be stored underground to get rid of short-lived radionuclides. However, this does not help in the case of long-lived radionuclides, such as 26 Al with half-life of 0.717 My [22] .
The third group of radionuclide contaminants is represented by anthropogenic radionuclides produced e.g. during atmospheric nuclear weapons tests or after the Chernobyl accident. The most important is 137 Cs because of its long half-life (30 y) and large production rates. 137 Cs can also be often found on material surfaces, although its present levels in atmospheric aerosols are very low (about 0.1 µBq/m 3 ) [12, 13] . A very specific contaminant is 14 C because of its wide distribution in the environment (it is a product of atmospheric nuclear weapons tests as well as of reactions of cosmic rays with atmospheric nitrogen and carbon) and his long half-life (5730 y), although it decays by soft beta-ray emission only (maximum energy of beta-electrons is 156 keV). It is crucial, however, for underground experiments hosting large volumes of liquid organic scintillators, as it has been documented in the Borexino experiment which is running in the Gran Sasso laboratory [23] . Cobalt-60 because of its short half-life (5.27 y) has after global fallout already disappeared from the environment, however, it can be found in iron where it is often used as an admixture during its production [8] .
Typical radionuclide contamination levels of construction materials are listed in Table 1 . The cleanest heavy material is electrolytical copper (although some samples need not be clean), and then iron (usually not stainless steel). Archaeological lead discovered in sunken Roman ships (found usually in the Mediterranean) because of its long storage time (enabling decay of 210 Pb (T 1/2 = 22.2 y) may be a good choice for an [16] 0.034 ± 0.008 0.13 ± 0.04 ICPMS Clean copper [17] 59 ± 24 1.0 ± 0.5 AMS M-copper [17] 82 ± 35 2.1 ± 1.1 AMS Mylar foil [18] 0.9 ± 0.2 1.0 ± 0.3 BiPo internal shielding [22, 24, 25] . However, this material is very expensive and not available for large-scale constructions. A typical background sources of the NEMO-3 deep underground experiment which was used for investigations of radionuclides decaying by double beta-decay and for searches of neutrinoless double beta-decay, and which operated in the Modane underground laboratory from 2002 to 2011 is presented in Fig. 1 [17] . NEMO-3 because of its tracking and calorimetry capabilities was good experiment to illustrate importance of different radionuclides for total background budget [26] . It can be seen that the most dangerous radionuclide is 214 Bi (the decay product in the 238 U-222 Rn decay chain) because of its high occurrence and large interval of emitted gamma-rays (both from the internal and external background sources). The second most important is 208 Tl (a decay product in the 232 Th-220 Rn decay chain). It should be also stressed that the ordinary double beta-decay represents the highest contribution in the background channels for investigation of neutrinoless double beta-decay. As we cannot shield the detector against the ordinary double beta-radiation, it is very important to apply all possible time and energy discrimination tools to decrease its impact on neutrinoless double beta-decay effects.
Except of natural gamma-emitters present in the 232 Th and 238 U decay chains which have strong impact on the background of underground detectors, there is another source of background represented by neutrons, which originated in (alpha, n) nuclear reactions. As many decay products in the 232 Th and 238 U decay chains are relatively short-lived alpha-emitters (a direct contributions from 232 Th and 238 U radionuclides will be low because of their long half-lives (1.39 10 10 y and 4.5 10 9 y, respectively), their contributions to the detector background via production of neutrons should be taken into account.
Cosmic-ray induced background deep underground
Muons (the hard component of secondary cosmic rays) and their interactions with detectors and surrounding materials are the main source of cosmic-ray background of detectors operating deep underground at depths of several thousand meters w. e. Although their fluxes at depths > 2000 m w. e. are very low (below 10 −7 muons/cm 2 s, Fig. 2 ), and they interact with matter only by electromagnetic and weak interactions, they produce secondary neutrons in reactions with target nuclei. Neutrons then produce secondary particles, excited nuclei and cosmogenic radionuclides which may considerably influence background conditions of underground experiments [7] [8] [9] [10] [28] [29] [30] .
Monte Carlo simulations of HPGe detectors background carried out for the Gran Sasso (3800 m w. e.) [25] and Modane (4800 m w. e.) [22] underground laboratories have shown that their total backgrounds were by two (Gran Sasso) and three (Modane) orders higher than predicted by respective muon fluxes (Fig. 2) . These results indicate that the main source of HPGe detectors background was radiocontamination of the detectors and surrounding shields. Surprisingly, the construction materials found close to the detectors (e.g. cryostat, window, cold finger, etc.) did not have the main contributions to their background (because of their low mass and a relative good radiopurity), but the dominant impact was from massive lead shields. The radionuclide contamination levels were up to about 40 mBq/kg, underlying thus importance of radiopure materials to be used for construction of ultra-low-level HPGe gamma-ray spectrometers. Except 40 K, the most important radionuclides in the 238 U chain were 214 Bi (mainly at 609 keV, 768 keV, 934 keV, 1120 keV and 1764 keV) and 214 Pb (295 keV and 352 keV). In the 232 Th chain the most important radionuclides were 208 Tl (583 keV and 2615 keV), 228 Ac (mainly at 338 keV, 911 keV and 969 keV), and 212 Pb (239 keV). The high energy gamma-ray emitters 214 Bi and 208 Tl could also contribute to the detector background from the laboratory environment (e.g. walls) as their gamma-ray energies are high enough to reach the HPGe detectors. Although the LSM laboratory in Modane is situated at the depth of 4800 m w. e., where the cosmic-ray muon flux has been decreased by about 6 orders of magnitude, the gamma-ray flux in the laboratory (mainly due to contamination of the laboratory walls by uranium and thorium and their decay products) is still too high (of the order of 10 −6 photons/ cm 2 s) [31, 32] , which requires further effective shielding by radiopure metals (copper, iron, lead).
Further improvements in the sensitivity of ultra-lowlevel HPGe gamma-ray spectrometers operating deep underground will require therefore more careful selection of radiopure construction parts with negligible radioactive contamination, otherwise the advantages for operation of these detectors deep underground will be lost. This statement is, however, generally important for all ultra-sensitive underground experiments, emphasizing thus importance of development of ultra-sensitive radionuclide analytical techniques which would help a better screening of radioactive contamination of construction materials of all kind of detectors designed for underground laboratories [12] [13] [14] [15] [16] [17] .
Ultra-sensitive radionuclide analyses
We have seen that a better selection of radiopure materials for construction of underground detectors is a must for a new breakthrough in ultra-sensitive underground experiments. This requires, of course, a development of suitable techniques for pre-screening of such materials before detector constructions. The new era of ton scale targets in underground experiments will require limiting the radio-contamination levels below 1 µBq/kg of material [11] [12] [13] [14] .
There have been two main radioanalytical sectorsradiometrics and mass spectrometry, which have reached suitable sensitivities for radiopurity screening of detectors construction materials. In the radiometric sector, the large volume HPGe detectors (up to 200% of relative efficiency compared with 7.6 cm in diameter and 7.6 cm long NaI(Tl) detectors) have been dominating in analysis of short-and medium-lived radionuclides emitting gamma-rays because of their high efficiency and excellent energy resolution. Detection limits in underground laboratories down to 1 µBq/kg have been obtained [9, 12, 33, 34] . However, to reach such limit they require large sample size of the order of a few hundred grams as the absolute detection limits are about 1000 µBq only, i.e. by about six orders of magnitude higher than for AMS or ICPMS [16] .
Gamma-ray spectrometry because of higher detection limits (typically, about 0.01 mBq/kg) have been very often used for pre-screening radiopurity measurements. To reach detection limits of about 1 µBq/kq it requires to operate high-sensitive Ge gamma-ray spectrometers deep underground with special antiradon shielding arrangements, even during exchange of samples [9] . More attention should also be paid to radiopurity checks of construction materials for detectors and also for shields. Although even the underground Ge gamma-ray spectrometry does not reach the sensitivities of mass spectrometry techniques, its great advantage is non-destructive analysis (without any radiochemistry involved) of even large volume samples.
Specific attention was given to Monte Carlo simulations of background of HPGe detectors operating in underground laboratories, which if carried out in advance of the construction of low-level gamma-ray spectrometers could predict their parameters [8, 22, 25, 29, [35] [36] [37] . Radio-contamination of construction materials and the fact that the radionuclides of interest represent the main background components of HPGe detectors, caused limitations in further improvements of detection limits [8, 13, 14] .
We should mention in the radiometric sector one detection system which detection limits are comparable to those obtained by mass spectrometry techniques. The so called BiPo detector [38] , which third generation was developed in the framework of the SuperNEMO collaboration [39, 40] is based on the principle to detect the delayed beta-alpha coincidences of the 214 Bi-214 Po cascades. The high-energy gamma-emitter 208 Tl is qualified through its mother product, the 212 Bi. The detector consists of two face-to-face planar calorimeters made of pure aluminized polystyrene scintillators coupled to low-activity PMTs to detect the beta-and alpha-particles, and to measure the time delay to distinguish the two isotopes. The total surface area of the detector is 3.6 m 2 . The BiPo-3 detector is operating since 2013 in the Canfranc Underground Laboratory (LSC) in Spain, and it has been used for ultra-lowlevel measurements of alpha and beta-emitters on large surface materials (e.g. plastic scintillators, supporting foils, isotope sources on foils) used in the SuperNEMO experiment. The BiPo-3 detector represents at present the most sensitive detector for measurement of surface alpha and beta-contamination of thin materials, reaching detection limits of 1 μBq/m 2 [39, 40] .
The most exciting breakthrough in the ultra-sensitive analysis of many long-lived radionuclides have been made in the accelerator mass spectrometry (AMS) sector, where the highest sensitivities with minimum sample size, and minimum matrix and interference effects have been reached. As a result of these developments, the analysis of more than 1 3 30 long-lived radionuclides has been mostly carried out by AMS. Large AMS machines based on tandem electrostatic accelerators (previously used in nuclear physics experiments) have recently been replaced with dedicated much smaller machines, e.g. single-stage accelerators [17, 41] . Table 2 lists as an example frequently analyzed radionuclides of cosmogenic origin which could interfere in ultra-sensitive underground experiments. Tritium is the only radionuclide which because of extremely low isotopic ratio and high background interferences is usually analyzed at ultra-low levels using 3 He in-growth mass spectrometry [42, 43] . A specific case also represents rare-gas radioisotopes, 39 Ar and 81 Kr. As they do not form negative ions they cannot be analyzed in tandem accelerators, but electron resonance positive ion sources could be used with larger accelerators [44] . Recently, a new detection technique for these radioisotopes has been developed, called atom trap trace analysis (ATTA), in which studied atoms are selectively captured by a laser trap and then detected by their fluorescence. The ATTA method, similarly as AMS, can considerably decrease the sample size (e.g. from about 1000 L of groundwater required for gas counting to about 5 L), reaching a similar sensitivity as AMS [45] .
In the low-energy mass spectrometry the inductively coupled plasma mass spectrometry (ICMPS) has proved to be powerful tool because of its high sensitivity, rapid analysis, multi-isotopic composition capability and the low cost per analysis [46] . Recently developed machines have been successful in solving problems with molecular, isobaric and isotopic interferences [47] [48] [49] , and actually the most precise 232 Th and 238 U determinations in copper samples were done by ICPMS [48] . The mass spectrometry sector represented mainly by AMS and ICPMS revolutionized ultra-sensitive analyses of long-lived radionuclides with absolute detection limits for 232 Th and 238 U of the order of 1 nBq. We prefer to use nBq/g unit instead of µBq/kg because it emphasizes the fact that with mass spectrometry techniques it is possible to analyze at this sensitivity even sub-gram samples.
Absolute detection limits obtained by AMS and ICPMS are very similar, but semiconductor alpha-spectrometry stays behind by about five orders of magnitude [14] . Sample chemistry, injection and the physics of the analysis make the ICPM a much simpler and more frequently used mass spectrometry technique than the AMS. However, ICPMS has a higher sensitivity to possible interferences and matrix effects (e.g. a production of hydrates), although the new generation of ICPMS machines have made great progress [47] [48] [49] .
It would be advantageous if no pre-concentration treatment of samples would not be needed as this process could add radioactive contamination from chemicals used during sample processing. Samples such as copper, steel, etc. could be directly analyzed by AMS as these materials could form targets in ion sources, while ICPMS analyses would always require a pre-concentration chemistry. As all laboratory environment has been contaminated with uranium and thorium oxides, it is advantageous to use such chemical forms of ion targets for AMS which are not frequently found in the environment, e.g. uranium-copper clusters [50] [51] [52] .
Nondestructive AMS measurements of 232 Th and 238 U in copper samples were recently reported with detection limits down to 1 nBq/g (see Table 1 ) [53] . When using measurement techniques with extreme sensitivities below fg/sample scale, it is very important to minimize effects of airborne dust particles, reagents, glassware, etc. All these details can contribute significantly to the sample blank, and as a result they can modify analytical detection limits. For this reason, a successful operation of AMS systems requires more careful sampling, very clean chemical processing and a higher level of instrumental expertise than in any other method. As ICPMS always requires separation and pre-concentration chemistry, all procedures should be carried out in clean laboratories with chemicals (including reagent water) of high purity without any radio-contamination.
We should mention, however, one problem associated with analysis of 232 Th and 238 U with mass spectrometry techniques. Actually, these radionuclides do not represent a big problem in radio-contamination of materials, but their decay products are the main contributors to the detector background. Usually we expect that there is equilibrium between 232 Th and 238 U and their respective decay products, but this need not be the case in such materials like copper, iron, etc. It would be better, therefore, to analyze other long-lived radionuclides in their chains. There have been new developments to analyze 226 Ra (T 1/2 = 1602 y, in the 238 U chain) by ICPMS [54] and AMS, 
Penning trap mass spectrometry
We believe that there is still a space for further developments in single atom counting technologies for ultra-sensitive radionuclide analyses. The most promising is the acceleratorbased ion trap mass spectrometry technology, combining an accelerator with an ion trap, capturing charged particles in electric and magnetic fields. They were developed for investigations of basic properties of particles and atoms confined in a small volume for a long time by superposition of magnetic and electric fields. The most common type of an ion trap combines either static and oscillating electric fields (Paul trap) [55] , or it combines electric and magnetic fields (Penning trap) [56] . The Paul traps have been mostly used in mass spectrometry of large molecules, but recently also in developments of quantum computers. Penning traps store charged particles in a strong homogeneous axial magnetic field to confine particles radially, and a quadrupole electric field is used to confine the particles axially. The ions trapped in a Penning trap are excited at their resonant cyclotron frequencies to a larger cyclotron radius by an oscillating electric field orthogonal to the magnetic field. After the excitation field is removed, the ions are rotating at their cyclotron frequency in phase as a packet of ions, which are resolved simultaneously by the ion cyclotron frequency produced by trapped ions, increasing thus signal to noise ratio. As the ratio of cyclotron frequencies of two ions with the same charge state in the magnetic field is equal to the ratio of their masses, this helps to determine masses of ions with high precision. The Penning traps have been used in particle studies (e.g. determination of the electron magnetic moment, storage of antiparticles, determination of fundamental physical constants, test of CPT-symmetry, etc.) and atoms (high precision mass spectrometry, high precision measurement of mass to charge ion ratios, etc.), and several types of Penning trap mass spectrometers have been constructed, including a Fourier transform ion cyclotron resonance mass spectrometer [57] .
It is expected that a combination of accelerator mass spectrometer (preparation of ion beams for Penning traps, e.g. by isotopic separation and purification of ion beams, suppression of isobars, hydrates and other clusters, etc.) with a Penning trap mass spectrometer (high mass resolution, high signal to noise ratio) could further improve the single atom counting approach in ultra-sensitive radionuclide analysis. Recently the atomic mass relations among the mass triplet 96 Zr, 96 Nb and 96 Mo were determined [58] by means of high precision mass measurements using the JYFLTRAP ion-trap setup at the IGISOL facility of the University of Jyväskylä [59, 60] . The JYFLTRAP system is consisting of two cylindrical Penning traps in a 7 T magnetic field. In the first trap, the purification trap, which is filled with helium, an isobarically purified beam is produced using the buffer-gas cooling technique. In the second trap, the massmeasuring trap (operating under high vacuum), the cyclotron frequency of the ion is determined by the time-of-flight ioncyclotron-resonance technique. For example, the mass doublet 96 Zr and 96 Nb exhibits a mass difference of ≈ 164 keV, which translates into a cyclotron frequency difference of ≈ 2 Hz. The experiment determined the mass relations in the 96 Zr, 96 Nb and 96 Mo mass triplet, including the Q values for this mass triplet, important for investigations of neutrinoless double beta-decays.
We believe that the combination of AMS with the Penning trap technology (after necessary modifications) could further improve the single atom counting technology providing thus an ultra-sensitive accelerator-based mass spectrometry system of a new generation Fig. 3 . 
Conclusion and outlook
Radioanalytic science has never been in such a good shape and so important as it is in present because of its crucial role in physical and chemical sciences. All recent developments in radiometric and mass spectrometry techniques for ultrasensitive radionuclide analyses have had great impact on investigations of rare nuclear processes and decays, including neutrino physics, neutrinoless double beta-decay investigations, dark matter searches, and applications in environmental, life and space science. For example, neutrinoless double beta-decay investigations represent really state-ofthe-art experiments searching for only a few radioactive decays per several years, having masses of investigated isotope sources up to 1000 kg, and looking for radionuclide half-lives of about 10 27 y. Similarly, investigations searching for dark matter particle masses from 0.2 to 100 GeV/c2 represent unique underground experiments which could not be carried out without great progress which has been done in radioanalytics. For example, the CRESST experiments (running in the Gran Sasso underground laboratory), which is the world leader for low dark matter particle masses in the range of 0.16-2 GeV/c 2 , gave recently the dark matter particle-nucleon cross section for this energy interval from 10 3 to 10 −4 pb [61] . Thanks to all these developments we have approached the single atom counting era which will significantly contribute to new physics beyond the Standard model.
Further domination of mass spectrometry over radiometric technologies is expected, including a new generation of accelerator-based mass spectrometry systems. These new developments in physics technologies will also require breakthroughs in separation chemistry, including automatic robotic systems working in clean atmosphere with ultrapure chemicals, free of any radionuclide contamination. Dedicated production of ultra-radiopure materials will be required to meet background limits for ultra-sensitive underground experiments. All these new developments in singleatom counting will open windows for even more exciting scientific investigations in the future.
